Introduction
============

There is accumulating evidence supporting the notion that intestinal microbiota plays a significant role in the maintenance of health.^([@B1]--[@B3])^ Recent studies, both epidemiological and clinical, suggest a relationship between intestinal microbiota and the onset of obesity and metabolic syndromes.^([@B4])^ Cani *et al.*^([@B5])^ showed that bacterial lipopolysaccharide (LPS) is a triggering factor for the onset of insulin resistance, obesity, diabetes, and metabolic endotoxemia. However, the underlying cellular and molecular mechanisms remain unclear.

It was reported that the plasma concentration of adiponectin strongly correlates with conditions associated with metabolic syndromes, such as diabetes, hypertension, and atherosclerosis.^([@B6])^ A negative correlation was observed between plasma adiponectin levels and visceral obesity.^([@B7])^ Moreover, low adiponectin concentrations are associated with a high incidence of some tumors, including colorectal, gastric, and prostate.^([@B7]--[@B10])^ Adiponectin is secreted by adipose tissue, predominantly by visceral adipose tissue, and the regulatory mechanism is unknown despite the importance of adiponectin in metabolism. Leptin was discovered in association with its role in satiety and energy balance, and it was assumed that leptin is an anti-obesity factor that functions via a feedback loop from adipocytes to the hypothalamus. Resistin, a small cysteine-rich protein, is a major factor associated with insulin resistance in obesity. Resistin induces insulin resistance in the liver, muscle, and fat tissue. In addition, a recent study showed that resistin downregulates glucose-induced insulin release.^([@B11])^ Adiponectin, leptin, and resistin are produced and secreted by adipose tissue and are termed adipokines.

In this study, we analyzed the effects of bacterial cell wall components on the secretion of adipokines (adiponectin, leptin, and resistin) using a recently established rat visceral adipocyte culture system. This system that we established using stromal vascular cells (SVCs) isolated from mesenteric adipose tissue is a powerful tool for evaluating adipocyte properties such as differentiation and adipokine secretion.^([@B11])^ The culture system does not contain any synthetic compounds generally used to promote adipogenesis, such as indomethacin, dexamethasone, or peroxisome proliferator-activated receptor-γ agonists. Therefore, we can study adipocyte function directly without the influence of any artificial agent.

Bacteria form symbiotic relationships with many species, including humans, and they live inside the human digestive system. The progress of molecular biology has paved the way for analyzing intestinal microbiota without any cultivating bacteria. Another advantage of the genomic analysis tool is the ability to not only detect an increase or decrease in the size of a population of a single strain but also to analyze microbiota at all taxonomic levels: kingdom, phylum, class, order, family, genus, and species. It has been reported that 80--90% of bacterial phylotypes are members of 2 phyla, namely, Bacteroidetes (including genera Bacteroides and Prevotella) and Firmicutes (including genera Clostridium, Enterococcus, Lactobacillus, and Ruminococcus). Therefore, relative proportions of Firmicutes and Bacteroidetes are considered good indicators of major changes in the composition of intestinal microbiota. Many phylum-level analysis using Firmicutes- or Bacteroidetes-specific primers have shown associations between obesity and a reduced proportion of the phylum Bacteroidetes, accompanied by an increased proportion of Firmicutes.^([@B12]--[@B14])^ Therefore, we investigated whether the proportion of Bacteroidetes, gram-negative bacteria, in mouse feces is increased during a high-fat diet. Furthermore, we measured the fecal mucin content to determine the intestinal barrier function.

Here we show that adipokine secretion from visceral adipocytes was regulated depending on the presence of cell wall components from gram-positive or gram-negative bacteria. *In vitro* experiments demonstrate that cell wall components derived from intestinal microbiota affect the pathogenesis of metabolic syndromes by mediating the secretion of adipokines, such as adiponectin, leptin, and resistin, from visceral adipose tissue. Futhermore, our results suggest that metabolic endotoxemia is not due to the increasing dominance of gram-negative bacteria but by the depression of intestinal barrier function.

Materials and Methods
=====================

Materials
---------

Collagenase (type II) was purchased from Worthington Biochemical Corporation (Lakewood, NJ). Dulbecco's modified Eagle's medium nutrient mixture F-12 (DMEM/F12; 1:1) and newborn calf serum (NCS) were purchased from Invitrogen Corporation, Japan. Penicillin, streptomycin, pantothenic acid, biotin, ascorbic acid, octanoic acid, triiodothyronine, and nicotinamide were purchased from Sigma--Aldrich (St. Louis, MO). LPS from *Escherichia coli*, lipoteichoic acid (LTA) from *Staphylococcus aureus*, and *N*-acetylmuramyl-[l]{.smallcaps}-alanyl-[d]{.smallcaps}-isoglutamine hydrate (MDP) were also purchased from Sigma--Aldrich. In addition, peptidoglycan (PGN) from *S. aureus* was purchased from Fluka Corporation (Milwaukee, WI). Glass-bottom dishes were purchased from Iwaki Co., Ltd (Tokyo, Japan).

Cell culture
------------

Rat mesenteric preadipocytes were isolated from Sprague--Dawley rats and cultured according to the method developed in our laboratory.^([@B15])^ Briefly, the mesenteric SVC fraction was prepared from rat mesenteric adipose tissue using collagenase digestion. SVCs (0.5 × 10^5^ cells/cm^2^) were seeded in 24-well plastic culture plates and cultured in DMEM/F12 (1:1) containing 10% NCS, 100 units/ml penicillin, 100 µg/ml streptomycin, 17 µM pantothenic acid, 33 nM biotin, 100 µM ascorbic acid, 1 µM octanoic acid, 50 nM triiodothyronine, and 2.5 mM nicotinamide. The cells were cultured in a humidified atmosphere containing 5% CO~2~ in air, and the medium was changed every other day until the end of the experiments.

Stimulation with bacterial cell wall components
-----------------------------------------------

On day 6 after the start of culturing, bacterial cell wall components were added to the culture medium, and they were cultured for another 4 days. Following which, the culture supernatants were collected and stored at --80°C until further analysis. Bacterial cell wall components included LPS (100 ng/ml) from *E. coli*, lipoteichoic acid from *S. aureus* (100 ng/ml), MDP (100 ng/ml) and PGN (100 ng/ml) from *S. aureus*.

Quantification of adipokines secreted by visceral adipocytes
------------------------------------------------------------

The concentration of adiponectin in the culture supernatant was determined using a mouse/rat adiponectin ELISA kit (Otsuka Pharmaceutical Co., Ltd., Tokyo, Japan). Concentrations of leptin and resistin in the culture supernatant were determined using a rat leptin ELISA kit and rat resistin ELISA kit (BioVentor Laboratory Medicine, Inc., Brno, Czech Republic), respectively.

Immunohistological staining for cellular adiponectin
----------------------------------------------------

Rat visceral adipocytes were precultured on glass-bottom dishes for 6 days and stimulated using LPS (100 ng/ml) from *E. coli* for 4 days. Cells in the culture were fixed in 4% formaldehyde, blocked with 2% bovine serum albumin, stained with a biotin-conjugated antiadiponectin antibody for 1 h at room temperature, and then incubated with Quantum Dot 655-conjugated streptavidin (Chemicon International Inc., Billerica, MA) under the same conditions. Further, cell nuclei were stained with H33258 (Wako Pure Chem., Ind., Ltd., Osaka, Japan) and examined under a fluorescence microscope.

Feeding of mice
---------------

The animals were maintained in accordance with the Hokkaido University guidelines for the care and use of laboratory animals. The cages were placed in a room with controlled temperature (21--23°C) and lighting (light from 08:00 to 20:00 h). All animals had free access to tap water and a solid laboratory diet (CE-2, Japan Clea, Tokyo, Japan) during the feeding duration before tissue collection. Four-week-old mice (Sankyo Labo Service Corporation Inc., Tokyo, Japan) were housed at 1 mouse per cage in a controlled environment (12-h light cycle). After 1 week of acclimatization, mice were randomly distributed into 2 groups (*n* = 5) and thereafter were fed experimental diets with free access to drinking water. The 2 experimental diets were a standard diet (CE2) and a high-fat diet (High Fat Diet 32).

Fecal samples
-------------

After 55 days, mice were placed in clean cages with bedding for 24 h. All feces from each cage were collected, weighed, air-dried, ground in a mortar, and stored at −20°C until analysis.

DNA extraction from fecal samples and quantitative PCR
------------------------------------------------------

One hundred mg of ground fecal samples were weighted before DNA extraction. DNA was extracted using QIAamp DNA Stool Mini Kit (Qiagen, Venlo, Netherlands) according to the instruction manual, and the DNA concentration was determined using NanoDrop. Phylum-level analysis was performed on 3 phyla of intestinal bacteria: Bacteroidetes, Firmicutes, and all bacteria combined using a slight modification of the method described by Guo *et al.*^([@B16])^ The relative population of Bacteroidetes and Firmicutes to all bacteria were quantified on the basis of amplification of genomic DNA coding 16S ribosomal RNA (rRNA) using PCR with group-specific primers.^([@B16])^ For the analysis of Firmicutes, the primers Firm934F (5\'-GGAGYATGTGGTTTAATTCGAAGCA) and Firm1060R (5\'-AGCTGACGACAACCATGCAC) were used. For the analysis of Bacteroidetes, we used Bact934F (5\'-GGARCATGTGGTTTAATTCGATGAT) and Bact1060R (5\'-AGCTGACGACAACCATGCAG). For the analysis of all bacteria, foward (5\'-ACTCCTACGGGAGGCAGCAGT) and reverse (5\'-AGTATTACCGCGGCTGCTGGCAC) were used. Real-time PCR was conducted using LightCycler 480 (Roche Applied Science, Manheim German) according to the SYBR Green I Master protocol.

Fecal mucin analysis
--------------------

Fecal mucin content was determined using a fluorimetric assay that discriminates *O*-linked glycoproteins (mucins) from *N*-linked glycoproteins.^([@B17]--[@B19])^

Statistical analysis
--------------------

The data were expressed as mean ± SD (*in vitro* experiments: 4 wells/data point, *in vivo* experiments: 5 mice/data point). A statistical analysis was conducted using Student's *t* test.

Results
=======

Lipopolysaccharide inhibits adiponectin secretion
-------------------------------------------------

We first tested whether bacterial antigens of gram-negative bacteria affect adiponectin secretion. LPS markedly inhibited adiponectin secretion from visceral adipocytes in a dose-dependent manner (range: 100--1,600 ng/ml) (Fig. [1](#F1){ref-type="fig"}). In addition, in the immunohistochemical staining for cellular adiponectin, we found that the stimulation with LPS caused a disappearance of adiponectin from the cytosol of adipocytes (Fig. [2](#F2){ref-type="fig"}). Cell nuclei stained with H33258 showed that these cells were alive even after the addition of LPS to the culture.

Cell wall components of gram-positive bacteria stimulate adiponectin secretion
------------------------------------------------------------------------------

Stimulation with cell wall components from gram-positive bacteria, such as LTA, MDP, and PGN, significantly enhanced adiponectin secretion, but the rate of increases was pretty low (Fig. [3](#F3){ref-type="fig"}A). Under the same culture conditions, LPS stimulation markedly inhibited adiponectin secretion (Fig. [3](#F3){ref-type="fig"}A); this result was consistent with those stated above (Fig. [1](#F1){ref-type="fig"}).

Effects of bacterial cell wall components on leptin and resistin secretion
--------------------------------------------------------------------------

We further tested the adipocyte secretion of other adipokines, leptin, and resistin, after stimulation with bacterial cell wall components. LPS stimulation inhibited the secretion from adipocytes of not only adiponectin but also of leptin and resistin (Fig. [3](#F3){ref-type="fig"}B and C). Cell wall components of gram-positive bacteria had no effect on leptin secretion (Fig. [3](#F3){ref-type="fig"}B). PGN reduced resistin secretion, whereas LTA and MDP at the concentration of 100 ng/ml had no effect on resistin secretion by the cultured cells.

Body weight, Firmicutes/Bacteroidetes ratio, stool output, and fecal mucin content
----------------------------------------------------------------------------------

Mice fed with the high-fat diet for 8 weeks showed significantly elevated body weight compared with those fed with the standard diet (Fig. [4](#F4){ref-type="fig"}A). The high-fat diet decreased stool output and fecal mucin content significantly compared with the standard diet (Fig. [4](#F4){ref-type="fig"}B and D). Moreover, the analysis of composition of intestinal microbiota revealed that the population of Firmicutes increased and that of Bacteroidetes decreased under the influence of the high-fat diet (Fig. [4](#F4){ref-type="fig"}C).

Discussion
==========

The present study showed a clear difference in adipokine secretion from visceral adipocytes between the cells stimulated with LPS (the main cell wall component of gram-negative bacteria) and those stimulated with PGN (the main cell wall component of gram-positive bacteria). Adiponectin secretion from visceral adipocytes was downregulated by the addition of LPS, whereas it was significantly upregulated by that of PGN, LTA, MDP, but the rate of increase was pretty low. There are several possible mechanisms behind these findings, including the possibilities that cell wall components directly affect adipocytes or that the influence of those components is mediated by other cells present in the culture. For example, tumor necrosis factor α (TNF-α) is known to suppress the expression and secretion of adiponectin from adipocytes.^([@B20]--[@B22])^ Our visceral adipocyte culture system contains a number of macrophages, and it is possible that the suppression of adiponectin secretion was due to TNF-α secreted by the macrophages. To address this question, we quantified TNF-α in our culture medium after LPS was added, and we found that TNF-α levels were very low (data not shown), indicating that other suppression mechanisms may be involved.

Immunohistological staining for cellular adiponectin showed that almost all adiponectin pooled in the cytosol of adipocytes disappeared by stimulation with LPS (100 ng/ml) for 4 days (Fig. [2](#F2){ref-type="fig"}). However, even after 4 days of stimulation with the same concentration of LPS, adiponectin secreted into the culture medium was still detectable (Fig. [1](#F1){ref-type="fig"}). We supposed that the synthesis of adiponectin was stopped by the addition of LPS, but adiponectin secretion may be accelerated. Only adiponectin pooled in the cytosol was secreted into the medium, and this adiponectin may be detected.

Our data show that stimulation with LPS also suppressed leptin secretion. Originally, leptin was discovered in association with its role in satiety and energy balance and was assumed to be an antiobesity factor that functions via a feedback loop from adipocytes to the hypothalamus. The absorption of LPS into intestinal capillaries may be one of the key factors leading to the development of obesity. Our results showed that stimulation with peptidoglycan increased adiponectin secretion and decreased resistin secretion. Altogether, the translocation of bacterial cell wall components from gram-positive bacteria, including *Lactobacillus* and *Bifidobacterium*, into intestinal capillaries may help to prevent the medical conditions associated with metabolic syndromes such as diabetes, hyperglycemia, hypertension, and atherosclerosis via the modulation of adipokine secretion from visceral adipose tissue. Because there is a strong evidence of a correlation between low serum levels of adiponectin and many types of cancer, such as colorectal and prostate cancer.^([@B7]--[@B10])^ Our results suggest that bacterial components may control the incidence of some cancers via adiponectin secretion from visceral adipocytes.

Our*in vivo* experiments showed that the high-fat diet increased the population of Firmicutes and decreased that of Bacteroidetes (Fig. [4](#F4){ref-type="fig"}C). In contrast, the high-fat diet decreased stool output and fecal mucin content significantly (Fig. [4](#F4){ref-type="fig"}B and D). These results suggest that the metabolic endotoxemia,^([@B5],[@B23]--[@B25])^ induced by the high-fat diet, is not due to the increasing dominance of gram-negative bacteria (*Bacteroidetes*) but due to the depression of intestinal barrier function. We concluded that the disturbance of the gut microbiota induced by the high-fat diet may be a consequence of the depression of intestinal barrier function. Because endogenous LPS is continually supplied to the gut as a result of the death of gram-negative bacteria, the depression of intestinal barrier function causes a direct absorption of LPS into intestinal capillaries and allows for bacterial translocation.

In summary, we present that cell wall components derived from the enteric microbiota affect and possibly control the pathogenesis of metabolic syndromes via the regulation of adipokine secretion from visceral adipose tissue. However, our results suggest that metabolic endotoxemia is not due to the increasing dominance of gram-negative bacteria, Bacteroidetes, but by the depression of intestinal barrier function. Some papers showed that serum adiponectin level was reduced, but serum reptin level was elevated when the mice were fed with HFD.^([@B26]--[@B28])^ There is discrepancy of leptin-behavior between *in vitro* experiment and *in vivo* experiment. Further studies are required to elucidate the cellular and molecular mechanisms and to verify the proposed concept.
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![Effects of LPS concentration on adiponectin secretion. Adiponectin concentration in culture supernatants after stimulation with LPS was determined using an adiponectin ELISA kit (*n* = 4) as described in Materials and Methods, sections 2.3 and 2.4.](jcbn14-74f01){#F1}

![Immunohistochemical staining for cellular adiponectin. Adiponectin was stained in visceral adipocytes as described in Materials and Methods, section 2.6. Red: adiponectin, green: nuclei (H33258 stain). A, B: control; C, D: 100 ng/ml LPS was added. The scale bar is 100 µm.](jcbn14-74f02){#F2}

![Effects of bacterial cell wall components on adipokine secretion. One hundred ng/ml LPS, lipoteichoic acid (LTA), *N*-acetylmuramyl-[l]{.smallcaps}-alanyl-[d]{.smallcaps}-isoglutamine hydrate (MDP), or peptidoglycan (PGN) was added to the visceral adipocyte culture on day 6 after the start of culturing. After further incubation for 48 h, the adiponectin, leptin, and resistin concentrations in the culture supernatant were measured using ELISA kits. A: adiponectin (*n* = 4), B: leptin (*n* = 4), C: resistin (*n* = 4). \**p*\<0.05, \*\**p*\<0.01 vs control.](jcbn14-74f03){#F3}

![A: Time course of body weight in control mice and mice fed with high-fat diet (with induced obesity). B: Stool output from control mice and mice with high-fat diet-induced obesity. C: Relative population of Firmicutes and Bacteroidetes phyla to all bacteria. D: Fecal mucin contents of control mice and mice with high-fat diet-induced obesity. Fecal mucin content was determined using a fluorimetric assay that discriminates *O*-linked glycoproteins (mucins) from *N*-linked glycoproteins. STD: standard diet (*n* = 5); HFD: high-fat diet group (*n* = 5). \**p*\<0.05, \*\**p*\<0.01 vs STD.](jcbn14-74f04){#F4}
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